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Introduction

There is growing evidence that the elements boron, selenium and zinc reduce PCa risk
whereas calcium and cadmium increase risk (1-12). The objective of this proposal was to
determine if these elements differ in concentration and location between normal and
tumor tissue and thus help to identify chemopreventative modes and mechanisms of
action. The project was able to make substantial progress toward identifying boron as a
new chemopreventative element with a new mode of chemoprevention. However, the
tissue concentration data on selenium, zinc and cadmium did not substantiate significant
associations between them and the severity of the disease.

Pathologically graded human prostate was analyzed to determine the elemental
concentrations in these tissues and their relationship with Gleason scores. The results
showed no significant differences in gross concentrations and Gleason scores (13).
However, the variability of the element boron (B) was intriguing and so the
chemopreventative properties of B were examined in human prostate cell lines. These
studies showed B had strong chemopreventative properties and future studies should
examine if it is efficacious in a clinical trial (14-20). Analyzing the intracellular location
of the elements was difficult. The art and science of biological sample preparation for
NanoSIMS analysis is primitive, but images were obtained that showed the elements
were compartmentalized within cells. We are continuing to work with scientists at the
Lawrence Livermore National Laboratory’s NanoSIMS microscopy laboratory to
improve the resolution. However, at the end of this grant the NanoSIMS procedure is
still unable to provide unambiguous results on the intracellular localization of the
elements in human tissue. On a positive side we were able to make significant progress
in the characterization of boron as a chemopreventive agent. This included the
identification of a physiological mode of action a potential molecular target that may
explain its chemopreventative action.

Key Research Accomplishments

Task 1. To identify and maintain a series of progressively dedifferentiated samples.

Accomplishments Project year 1: Unmatched and matched sets of normal and tumor
prostate tissue were collected from the UCLA Human Tissue Research Center.
Unmatched samples were used to establish the methods for elemental analysis. We had
to use normal tissue from men with cancer because samples of normal tissue from normal
men are nearly none existent. The vast majority of tissue samples available have Gleason
scores in the range from 6 to 7.

Task 2. To utilize state of the art inductive coupled plasma mass spectrometry to
determine the concentration of the B,Ca, Cd, Se and Zn in whole tissue samples. .

Accomplishments Project year 2: We analyzed matched pairs of normal and tumor
tissue to determine the concentrations of B, Ca, Cd, Se and Zn in 23 different male
donors. The mean, median, range and coefficient of variation of the concentrations are
given in Table 1.



Table 1. Elemental Concentrations of Normal and Tumor
Prostate Tissue in 23 Men
Normal Boron | Cadmium | Calcium | Selenium | Zinc
ng/g ng/g Ha/g ng/g Ha/g
Mean 291 71 313 471 86
Median | 90 58 300 480 73
Range | 28- 8 -220 82 -830 | 200 - 9-
3530 730 190
Std 159 10 36 24 11
Error
CV 256% | 66% 56% 25% 63%
Tumor
Mean 355 83 263 502 88
Median | 100 61 270 520 84
Range | 23- 20-250 |80-430|15-820 | 110-
2360 180
Std 129 12 18 34 9
Error
CVv 170% | 70% 33% 33% 50%

The concentrations in both normal and tumor tissue ranked as follows: Ca > Zn > Se > B
> Cd. A statistical comparison of elemental concentrations in normal and tumor tissue
did not reveal significant differences (Table 2). The coefficient of variation of the
elements varied greatly between elements (Table 1). The magnitude of variation
followed the same rank in normal and tumor tissue: B > Cd > Zn > Ca > Se. The high
variation in boron concentrations was not expected. Boron is not known to activate or
covalently bind to proteins. It’s variability and 10 fold range in concentration suggests
that prostate is able to accumulate boron. Examination of tissue using the NanoSIMS ion
probe will determine where this occurs for boron and the other elements.

Table 2. Statistical Evaluation of Elemental Concentrations

in Matched Normal and Tumor Tissue

Element Statistical Comparison between Normal
and Tumor Tissue

Boron® p=0.31

Calcium® p=0.46

Cadmium’ p=0.58

Selenium’ p=0.21

Zinc? p <0.09

We then determined the strength of the relationship between whole tissue elemental
concentrations and pathological tissue classification will be determined by statistical
analysis.



Accomplishments: Table 3 shows there was no relationship between Gleason score and
the concentration of any element.

Table 3. Statistical Evaluation of the Relationship between
Gleason Scores and Elemental Concentrations in Tumor

Tissue
Element Correlation Coefficient of Gleason Score
versus Element Concentration

Boron® R=0.10

Calcium® R=0.13

Cadmium’ R =0.08

Selenium?! R =0.30

Zinc? R=0.21

Each of these elements had been positively or negatively associated with prostate cancer
risk, but this did not show up as concentration differences at the gross tissue level. We
were concerned that the variability may have come from dye contamination used in the
Clinical Pathology Laboratory to mark regions of the organ. Dyes are applied to the
outside of the prostate gland by clinical pathology laboratories to mark regions for
technicians that subsequently prepare the gland for evaluation and Gleason grading. We
analyzed the elemental composition of the three dyes used at UCLA. The results of
triplicate measurements is given in the table below and show that element concentrations
were too low to be a significant variable.

Table 4. Concentrations of elements in Pathology Laboratory Dyes

Clinical Boron Cadmium Calcium Selenium Zinc
Pathology

Marker Dye ng/g ug/g ug/g ug/g ug/g

Black ND; ND; ND | ND; ND: 4 ND; 17; 16 ND; ND; ND ND; ND; ND
Blue ND: ND; ND | 0.37: 0.39: 0.4 41: 39; 40 0.42: 0.34; 0.37 16:15:1.6
Yellow ND; ND; ND | ND; ND; ND ND; ND; ND | ND; ND; ND ND; ND; ND
Limit of

Detection 60 0.002 10 0.2 0.3

LD = limit of detection; ND = not detectable

The source of the variability is most likely due to natural biological variability.

Task 3. To determine the microlocation and microconcentrations of B, Ca, Cd, Se and
Zn in graded series of samples.

Accomplishments (project years 2 and 3): The NanoSIMS ion microscope was
installed at Lawrence Livermore in the Fall of 2004 and the two scientists who ran it
worked with us to obtain images of the elements in prostate cells. lon imaging of




elements within prostate cells was accomplished using the ion microscope (NanoSIMS
50) located in the Analytical and Nuclear Chemistry Division of the Lawrence Livermore
National Laboratory.
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Figure 1. The light areas represent the origin of secondary carbon-nitrogen polyatomic
ions sputtered from the sample by primary cesium ions rostered across the cells. The C-
N atoms, which represent protein, are at their highest levels around the nucleus and
within the nucleolus. The numbers to the right of the image indicate C-N polyatoms /per
C emitted from the same region.

Problems:

Progress on Task 3 focused on the development of methods to prepare tissue for ion
microscopy. We purchased a Leica EM MM80 slam freezer to ultra-rapidly freeze
prostate tissue and a Thermo Neslab CC-100 cold probe to regulate the dehydration
phase. Briefly, the Leica slam freezer was prechilled by filling with liquid nitrogen. The
tissue was slam frozen and transferred to a Dewar containing acetone chilled to — 83°C.
The temperature of the acetone bath was controlled using the Thermo Neslab CC-100
probe and refrigeration unit. Samples were slowly brought to room temperature over a
period of 72 hours. The dehydrated tissue was fixed in osmium and embedded in Spurr
Low Viscosity Resin. This procedure was been successful using cultured prostate cells as
the preparations look good when evaluated by scanning electron microscopy, however
the acetone caused leakage of the membranes so techniques needed to be developed to fix
and dehydrate cells and tissues without the use of membrane damaging agents.

Ice crystals form in tissues frozen at -80°C or above. When tissues are dropped into
liquid nitrogen, the temperature conductance through the tissue is inefficient and crystals



form before the tissue drops below -80°C. We employed slam freezing to prevent this.
Ice crystals also form if water is not removed before the tissue is defrosted. We used a
freeze substitution method that replaced water with acetone. This worked, but we were
concerned that it may also disrupt ion distribution in the tissue. In the third year of the
project we switched to a Turbo Freeze Drier that holds samples down to -140°C under
vacuum and during the warm-up phase when samples cross the -80°C barrier a second
time. We are working with Scientist at Lawrence Livermore to determine if the
resolution of images is greatly improved with our improved procedures and using
prostate as a model system to develop the procedure for other human tissues. This grant
has ended, but the work will be continued pending success in applications for funds from
other granting agencies.

Accomplishments (project year 3 and no-cost time extension)

During year 3 and the no-cost time extension considerable progress was made toward
understanding how boron mediates its preventative effects. We were able to identify a
mode of action that may explain its ability to inhibit cell proliferation (figure 2-6). Boron
modulated the release of intracellular calcium stores at human physiological
concentrations by inhibiting the NAD/CADPR calcium release pathway. This is
important, as the release of calcium stores activates numerous calcium binding proteins
that regulate cellular processes, including the cell cycle. These observations provide the
stage to identify potential boron molecular targets that are involved in modulating stored
calcium release.

Studying the chemopreventive properties of boron has presented a difficult challenge.
Boron does not have a stable radioactive isotope and physiological concentrations are
near detectable limits the inductively coupled plasma mass spectrometry (ICPMS). All
experiments require the use of ultrapure water, reagents and boron free labware. In
addition students had to be trained to conduct all experiments using ultraclean procedures
to avoid contamination.

The following figures show in order: binding of boric acid, the physiological form of
boron, to NAADP and cADPR, these are both intracellular calcium release signaling
molecules (fig 2); inhibition of NAD stimulated calcium release from the endoplasmic
reticulum (fig 3); stereospecificity of boric acid’s effect on inhibition of calcium release
shown by the ineffectiveness of methylboronic acid (fig 3); stereospecificity of boric
acid’s effect on inhibition of prostate cancer cell proliferation as shown by the
ineffectiveness of methylboronic acid (fig 4); stereospecificity of boric acid’s effect on
the redistribution of intracellular calcium stores in the DU-145 cell line and the
ineffectiveness of methylboronic acid (fig 5)
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Figure 2. Negative ion ESI-MS spectra of NAADP, NAADP-BA complexes, CADPR
and cADPR-BA complexes in water:acetonitrile:triethylamine mixtures at pH 10.3. (A)
100 uM NAADP showing an intense (M-H) signal at m/z 742.7 (calcd 743.1 Da). The
signal at m/z 764.7 (calcd 765.1) is assigned as NAADP-Na" adduct. (B) A mixture of
100 uM NAADP and 500 uM **B(OH); produced signals corresponding to the NAADP-
BA complex at m/z 768.7 (calcd 769.1 Da). Ka for the complex formation was
calculated as 82 + 3.8 L/mol. (C) 100 uM cADPR showing an intense (M-H) signal at
m/z 539.9 (calcd 540.0 Da). The signals at m/z 549.0 and 557.8 are assigned as unknown
impurities in the CADPR sample. (D) A mixture of 100 uM cADPR and 500 pM
1B(OH); produced signals corresponding to the cADPR-BA complex at m/z 585.7 (calcd
586.0 Da), and the cADPR-borate complex at m/z 583.7 (calcd 584.0). Ka for the
complex formation was calculated as 655 + 99 L/mol.
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Figure 3. NAD" and NADP*-induced Ca*" release sensitivity in DU-145 cells treated for
8 days with BA and CBA (250 and 1000 uM). (A) BA treatment (250 and 1000 puM)
inhibited NAD* (10 mM) induced Ca?* release, whereas (B) CBA (1000 uM) treatment
did not. (C) BA (1000 pM) treatment reduced NADP* (5 mM) induced Ca** release
whereas (D) CBA (1000 uM) did not. Traces represent mean fluorescence (Fluo-4) of
four individual cell responses.
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Figure 4. Effects of BA and CBA on DU-145 cell proliferation. A dose-dependent
reduction in cell proliferation occurs in cells exposed to BA (M) for eight days (100-1000

uM), but not CBA (O). Values are presented as the mean of six independent

measurements + sem. (*) represents statistically significant means compared to the 0 uM
BA control; (**) represents significant differences between BA and CBA at like dose.
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Figure 5. Intracellular Ca®* distribution and concentration in DU-145 cells exposed to
24-hour and 8-day BA and CBA. (A.) Fluorescent images depicting intracellular Ca?* re-
distribution, from diffuse to sub-cellular localized, in DU-145 cells loaded with Fluo-4,
following 8-day exposure to 0-1000 uM BA and CBA.

I also note that we received the following letter concerning our funds from this grant and
so the no-cost time extension did not extend an entire year.

Ms. Conn,

Please reference subject grant under the direction of Dr. Curtis Eckhert.
We have received your SF 272 for the period 7-1-06 - 9-30-06.

I am very concerned that you have indicated a negative balance. Our
records indicate you have received all payments thus far totaling
$417,082. There are no payments remaining under this research project.

Please check your records for this grant as you had requested a one year
extension without additional funds on 30 March 2006. Please plan to have
Dr. Eckhert complete the statement of work. If you have no remaining
funds, please have Dr. Eckhert stop research and submit his

final report. Again, no further funds will be forthcoming. Thank you
for your attention to this matter.

Sacelia L. Heller
Sacelia L. Heller
Contract Specialist
301-619-7349
301-619-3166 FAX

KEY RESEARCH ACCOMPLISHMENTS

e Successful procurement of Gleason graded tissue classified as normal, gleason
grades 3, 5, 6, 7, 8.

e Analysis of matched sets of normal and tumor tissue obtained from 23 different
men for the elements, boron, calcium, cadmium, selenium and zinc.
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e Statistical analysis shows there is no difference between normal and tumor
concentrations of these elements.

e Development of methods for NanoSIMS analysis for localizing elements within
prostate cells.

e First ion microscope images of prostate cells obtained using the NanoSIMS
instrument at Lawrence Livermore National Laboratory

e Significant progress made toward improving the preparation of prostate cells for
higher resolution of the subcellular location of elements.

e Observed a 10 fold range of boron concentration in prostate tissue suggested the
element differed significantly between individual men and maybe related to the
risk of prostate cancer.

e Evaluation of the chemopreventative properties of boron with the outcome
showing it is a strong chemopreventative agent.

e ldentification that the physiological form of boron, boric acid, inhibits calcium
signaling and inhibits cell proliferation of prostate cancer cells

e ldentification of CADPR, a intracellular calcium release signaling molecule, as a
molecular target of boric acid

REPORTABLE OUTCOMES
Manuscripts and Abstracts

Barranco WT, Stella Jr SL, Kim DH and Eckhert CD. Boric acid inhibits the
NAD/CD38/cADPR/Calcium Signaling Pathway. Under review

Henderson K and Eckhert CD. The Effect of Boron on the UPR in Prostate Cancer Cells
is Biphasic, FASEB J, May, 2007

Barranco WT, Hudak PF and Eckhert CD. Erratum to: Evaluation of ecological and in
vitro effects of boron on prostate cancer risk. Cancer Causes Control 18:71-77,
2007, Published Online: http://dx.doi.org/10.1007/s10552-007-0077-8, Cancer
Causes Control, March, 2007.

Barranco WT, Hudak PF and Eckhert CD. Evaluation of ecological and in vitro effects of
boron on prostate cancer risk. Cancer Causes Control 18:71-77, 2007.

Barranco WT, Hudak PF and Eckhert CD. Evaluation of ecological and in vitro effects of
boron on prostate cancer risk. Cancer Causes Control 18:71-77, 2007.

Kim DH, Que Hee S, Norris A, Faull KF and Eckhert CD. Boric acid inhibits ADP-ribosyl
cyclase non-competitively. J. Chromatography A. 1115:246-252, 2006.

Barranco WT and Eckhert CD. Cellular changes in boric acid-treated DU-145 prostate
cancer cells. Brit J. Cancer 94:884-890, 2006.

Henderson K and Eckhert CD. Boric acid induces ER stress in DU-145 and LNCAP
prostate cancer cell lines. Soc. Tox. 2006.

Barranco WT and Eckhert CD. Inhibition of DU-145 Prostate Cancer Cell Proliferation
by Boron and Selenium is Additive. FASEB J. 2005.

Barranco W.T. and Eckhert C.D. Boric acid inhibits human prostate cancer cell
proliferation. Cancer Letters 216:21-29, 2004.

Kim D. H. S., Faull K. F., Norris A. J., Eckhert C. D. Borate-nucleotide complex
formation depends on charge and phosphorylation state. J. Mass Spectrometry
39:743-751, 2004.
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http://dx.doi.org/10.1007/s10552-007-0077-8

Barranco, W.T. Eckhert, C.D. Boric acid acts as a CADPR / RyR antagonist during
inhibition of human prostate cancer cell proliferation. FASEB J. 2004; 18:A351.2
(352.2).

Kim, D.H, Faull, K.F., Eckhert, C.D. Determination of borate complex with cyclic ADP-
ribose (CADPR) by electrospray ionization mass spectrometry (ESI-MS) FASEB J.
2004; 18: A351.4 (351.4).

Eckhert, C.D. Concentration and variation of boron, selenium and elements associated
with cancer risk in non-tumor human prostate tissue. FASEB J. 2004; 18:A351.3
(351.3).

Employment and Research Opportunities
Support was provided for research training of the following students:

Kim Henderson (currently a Ph.D. working on imaging elements using the NanoSIMS
ion microscope at Lawrence Livermore)

Joey Miller (currently a medical student)

Wade Barranco (currently a Post-doc at the Cancer Center at Southwestern Medical
School in Houston, TX)

Danny Kim (Post-doc, UCLA)

Grants and Clinical Trial
Support provided data for preparation of NIH RO1 and R21 grants submitted to the NIH

Support provided data for the design of a Clinical Trial to examine the chemoprotective
effect of boron on men at risk for prostate cancer. This is current under review.

CONCLUSIONS

The project was designed to determine the relationship between elemental concentrations
and the risk of prostate cancer. The work resulted in the identification of boron as a
chemopreventative agent. This led to submission of a new grant for further study of the
role of boron in cancer to the NIH-NCI. The project also provided data to support a
clinical trial to determine if boron can reduce PSA levels in men at risk for prostate
cancer. This proposal is currently under review for approval by the UCLA IRB. The
work also resulted in the development of techniques to image the intracellular location of
elements in prostate cells. This has been the most difficult part of the project and there
remains a need for further work in this area.
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Boric acid inhibits human prostate cancer cell proliferation
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Alstract

The rale af baron m biokgy mchides coardimted regulbiion of gene expression in mized bacieri]l populdions and the
grow it and proliferation of higher plams and Jower animals. Here we repart that boric acid, the dommam fonm of boran in
phama, mhibit the praliferation of mosiate cancer cell lmes, D145 and INCaP, in 2 dese-dependent mamer. Non
tumongenic posiae cell nes, PWE-1E and RWFE-1, and the cancer line PC-3 wem alo imhiidled buil required
concenimiions higher than ofserved man blood levels. Studies nsing DUR145 cells showed that boric acid mduced a cell
death-mdependent praliferstive mlibition, with 1file effect on cell cycle stuge disirbotion and miochondr] fmcion.
2004 Elsevier Ireland Lid. All rights reserved.

Keywordy Boroe; LNCalP; IFU145; BC-3; Neooss; Prosue camcer

1. Introduction

Boron has been shown to be beneficial for many
species, but its cellular processing in animals remains
obscure. The boron atom has a high affinity for
oxygen and in nature is present in the form of borates
[1]. Soluble forms inclde boric acid B{OH), and the
monovalent anion B{OH);, with the presence of the
dominant form de pendent upon solvent pH. In plasma,
haoric acid predominates and is concentration reflects
dietary intake and respiratory exposure [2].

Boron is known to be imporiant for animal cell
replication and development, but the underlying

* Coerespoading mutbor Tel fax <+ 1- 310825 8439
Eomel ! addre sy ceckbani@ucl ade (0 1 Felde)

mechanisms remain obscure. Boric acid stimulstes
embryonic growth in trout [3] and is essential during
the pre-blasula cleavage stage of zebrafish [4]. In
frogs (Xenopus), boron deficiencies interfere with
normal oocyte maturaton, embryonic growth and
maorphopenesis [ 5], Deficiencies in Xenopus also lead
to inhibition of oocyte germinal vesicle breakdown,
possibly due & an alteration in progesierone necepion
binding [&].

Evidence lkeading to the hypothesis that boric acid
may be anti-carcinegenic was derived from epide-
miological screening, where the risk of prostate
cancer was observed to be inversely proportional i
dietary intake of boron in a dose responsive manner
[7.8]. Boric acid has also been reported @ inhibit
the growth of LNCaP prostate mmors in nude mice
[9]). In the present paper, we repont that boric acid

04 3 - ee froor mapner @ 2004 Eleevier Ireland Lod. All mghes resemved
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Borate-nucleotide complex formation depends
on charge and phosphorylation state
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Fow injection analysis with electrospray ionizaton mass spectromety was used to investgabe
borate—nuclectide complex formaton. Selutons containing 100 pM nucleotide and 500 pm boric acid
in water-acetonitrile—triethylamine (50: 50:0.2, wv/v; pH 10.3) showed that borate complexation with
micotnamide nuclestides was significantly influenced by the charge on the nicodnamide group and the
number of phosphate groups on the adenine ribose. Borate binding decreased in the order of NAD*, NADH,
MADP and MADPH. To investigate the relationship between complex formation and phosphorylatdon,
association constanits (Ka) of borate—adenine (AMP, ADF, ATP), - guanine (GMFP, CDF, TP, —cyddine
{CMP, COP, CTPY and —uridine (UMP, UDF, UTP) complexes were compared. The results showed that
the number of nucleotde phosphate groups was inversely proportional to the relative abundance of
the borate complexses, with the Ka of borate—nucleotdde complex decreasing in the order mono-, di- and
tri-phosphates (AMP == GMP == CMP == UMP » ADFP = CDP == CDP == UDF = CTP = ATP = CTP = UTPM
At pH 7.4, using ammonium bicarbonate buffer, only borate—-NAD* complex was observed. This indicates
that the borate-NAD* complex may be the most physiologically relevant of those studied. Copyright ©

2004 Joha Wiley & Sons, Lid.

KEYWORDS: borate —nuclectide comp lexation; nuclectde; association constant; dissociation constant

INTRODUCTION

Inaqueous soluticn, boron exists as either boric acid { BIOH) ;)
orborate (B{OH ) vions, asshown in Eqn (1).5ince the pE, of
boric acid is 9.2, atintracellularpH, nearly all free boron e xists
asboric acid. Boric acid reacts with polyhy droxy compounds,
leading to adecreass in pH (Eqn (21)." ~ Complex formation
between boric acid and polyhydroxy compounds depends on
the pH of the solution and the structure of the polyhydmoxy
compounds, and we have previcusly shown that this & true
for boric ackd and MAD™ # Van den Berg et af showed thatin
the case of diols, cls-1 2- are favored over tmms- or 1,2-diols,
and fHve-membered ring are preferred over si-membered
ring 1,2-diols” Therefore, a ribose ring with 2 3-cis-diol may
be an important reactive site for interaction with boric acid.

H, OH HO,
B+ aHyD m—— HD._Bf: + HiO® piy =0z 1y

4H
HO
H':';&_.- OH . ::gj ‘E‘.j + Hgort 2
&H HCir—LI

*Correspondence tor Curtis D. Eckhert, Department of
Erwirormsntal Health Sciences, Box 557772, University of
California, 10833 Le Conte Avenue, Los Angeles, California S00655,
USA. E-mail: ceckhart@ucla.edu

Corntracty grant sponsar: UC Toodc Substanoes Ressarch and
Teaching Program.

Cortract/ grant sponsar: US Barax

Boron is ubiquitous in the environment and is present
in all living crganisms. In 1923, boron was shown #o be an
essential nutrient for plants,” but it was not until 1996 that it
was discovered o be structiral component of the cell wall3®
Recently a transport mechandsm for boron in plant roots was
identifiad that has low homology to certain kidney transport
proteins " 1 Boson has also been shown tobe a component of
autodncucer (Al-2), a signaling compound regulatng colomy-
wide gene expressions in Gram-positive and -negative
bacteria.* Boron was recently shown to promote embryonic
growth! and to be essentlal for post-fertilization cell growth
in fish™ and frogs.”® Human studies suggest that boron may
be important for bone strength ¥ cognitive performance!”
and serum 17g-estradiol levels. Dietary boron intake has
also been reported to reduce the risk of prostate cancer,
However, toxic effects of excess boron have also been
reported. At high concentrations of omal intake, boric acid
caused degeneration of seminiberous epithelium of rodents @
Although the mechanisms for these effects remain obscure,
the long-known complexaton of boric acid o the cls-dicl
moiety of ribose sugars sugzests that a similar reaction may
underlie its biological effects in animals. Since nucleotides
are among the most abundant and metabolically important
molecules containing the ribose qis-diol modety, a ranking of
borate—niuclectide complex by association constants could
provide insight for understanding the physiclogeal effects
of borate.

Copyright & 2004 [oba 'Wiley & Sons, Lid.
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Cellular changes in boric acid-treated DU-145 prostate cancer

cells
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The element boron is nearly mmpletely ahsorhed from drinking
water and plant-derived foods in the gastrointestinal tract, and
circulates in hlood as horic acid (BA) (Price ef al, 1997). Cells were
ance thought incapahle of promssing the element, yet this has
since been disproved. Boron is utilised by bacteria in the structure
of several antibiotics and soinducer-2, a signalling molecule
utilisel during interspecies quorum sensing (Chen ef al, 200%
Semmethack ef al, 304} Plams require the slement far growth,
flowering and seed frmation, and obtain boron from sail pore
water using a harate transparier, BORI, expressal in root pericycle
cells (Takano ef al, 2002} A human molgue, the sectrogenic,
voltage-regulated, Nat-coupled horate transparter NaBCl, was
recently identifial in human kidney tutmlar cells and may finction
to maintzin plasma BA levels (Park er al, 3004)

There are several reports supporting baran as a chemapreven
tative agent agzinst prostate cancer. An epidemiological study
using data from the NHANES IT1 database reported that the risk of
prostate cancer in US men @ inversely proportianal to distary
intake of horon [ Coi ef al, 10040 The hinkogial plausihility of this
ohservation has heen mupported by cell culture and animal studies.
Treatment af nude mice, injected with androgen-sensitive LNCaP
prostate cancer cdls, with BA caused a reduction in tumour growth
of 25-38%, along with 2 redudion in plsma PSA levels of 88%
(Gallardo-Williams ef af, 2004). BA inhihits the adivity of serine
proteases, incuding prostate-spedific antigen (PSA), presumahly
by hinding o its active site (Bone ef al, 19587 Gallardo-Willizms

*amempondence Or OO0 Ecbhery Emal: caddweriuclasdu
Amcmivsd |2 September 2005 revised £ pruary 2004 accepisd |7
|areary 2004, publshed online 21 February 2004

Epicterraciogioal, arrral, and osll culbure sudie hass identfied boron as & chermoorevertatve sgar n prostate cancer. The presant
cipechee was 1o idently boron-induced changes i the DU- 145 hurran prestate cancercel ine We show that profonged esposure
1o pharrracologally redevart leveds of barie aad e mturally ccourring form of boran dredating in hurran plasra, induces the
fellowirg morphologeal cranges in ol inceasss in granubrity and intacelube vescle contert, erhanced cell spreadng and
cacransed cal volune. Doornemed increses in fgalaciosicase activly suggest hiat boee aod nduces converaon 1o 2 senscent

Ik cadhular phenotype. Bone aad also cuses a dose-dependent reduchon in celirs A—E, a5 weall as MAPY proters, suggesting far
cortribution 1o probferative imhibibon. Furthermones, treated cals disply reduced adhason, rmgraton and irvason potertial along
wath Foactin cranges indeatve of reduced metastatic potental. RAnaly, the abseration of rredia aodeds in trested cells corralated
wath an accrrulstion of lpsosom e amocdated rmemoane protein tpe 2 [LAMP-Zenagative acdic aompartrments. The challengs of
foture studies wil be to dentfy the underdying rmechanian reporsible e he observed callular resporses 1o this retural blood

Baih jowrnal of Cancer {2006) 94, 384-890 de | 0 1038/ 50peasl30E  wwwbicancsrcom

Keywords: bonc acd; prostite cancer; DU 145 megration; ssnssaence; acidoss

ef oal, 2003 In culture, BA has been shown to inhihit the
profiferation of LNC2P and the androgen-independent prostate
cancer cell ins DU-145 and PC-3, in 2 dose-dependent manner
{ Barra nam and Eckhert, 2004) Since D 145 cells do nart synthesise
P5A, BA's mode of inhibiting proliferation is likely not to ocour by
irhibiting the comversion of IGFEP-3 to IGF1, as praposed in
LKCaP tumours (Gallrdo-Williams ef al, 2004 Sobhel and Sadar,
Hd5). The present investigation was initizted o define morpho
logical and molecular responses of DU-145 prostate cancer cells i
EA, which might lead to an explanation of its antiproliferative
properties.

In the current report, we examinal the effects of pharmacolo
gical coneentrations of BA on cdl morphology and molecular
markers of proliferation, senescence, metastsis and motility.
We show that prolonged exposure to BA causes D145 cells i
develop 2 flattened, angular phenotype with numemous vesicles
apprearing in the cytoplasm. These changes ocour coincident with a
decrease in the expression of cyclin proteins, p2l and P-MEKL /L,
as well asa redudion in cell motility and invasion capacity. Finally,
increased f-galacinsidase activity reflects 2 mnversion of DU- 145
toa senescence-like cdl

MATERIALS AND METHODS

Experimental culiure

DiL7-145, LNCaP, and PC-3 PCa cells, donated by Dr Allan Pantuck,
were cultured in RPMI 1640 media {Invitrogen, USA) supple
mented  with 1% FBS, penicillinfstreptomvsin {100 U ml™";
W00l "), and Lglutmine (200 m) (Gemini Bioprodus,

20



+ Medel

T STATR

Aezilehle enline atwww.scicnocdirect.zom
BCIGNCE @ DIRECT!

Journal of Chromategrapby A, xxx (2004} xxx-xxx

HILIRMAL (7
CHRCMATOOGRAPHY &

v vlavea v b s el

Boric acid inhibits adenosine diphosphate-ribosyl
cyclase non-competitively
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Ahbstract

Adenogine diphosphate-ribeay] cpclase (ADP-ribosy] cpclase)i is & ubiquitous enzyme in eukaryotes that converts MAD® to cyclic-A D P boas
{cADPR) and nicotinamide. A quantitative assay for cADPR was developed using capillary electrophoresis to separate MAD® . cADPR. ADP-
rbose, and ADP with UV detection (254 nm . Using this msny, the apparent Kn and Ve for Apfysic ADP-nbosy] oyclase were detemmined to be
124 2005 mM and 1218 2 2.0 pMimin, respectvely. Bonc acid inhdbited ADP-nbosyl cyclmes non-competitively with a K of 0.5 & 0.5 mbd.
EBoric acid binding to cADPE, determined by electrospray ionization mass spectrometry, was characterized by an apparent binding constant, Ky,

of 655 £ %9 Lfmol at pH 1003,
& 200 Blsevier BV All nghis ressrved.

Keywords: ADP cibosyl cyclise; Boron; Capillary eleciropboresis; cADFR: MAD: Mass spectromeiry; Enzyme kinetics

1. Imtroduction

Adenosine  diphosphate-ribosyl  cyclose (ADP-ribosyl
cyclase) is widely distributed in nature and is expressad in over
40 different species of protists, plants, and animals [ 1-5]. The
enzymecy clizes NAD® to produce cyclic-ADP-ribose (cADPR)
with the release of nicotinamide (Fig. 13 [6]. cADPR acts as a
second messenger that mobilizes Ca?+ from the endoplasmic
reticulum via activation of ryanodine receptors [7]. Thres
homologs of the cyclase with 30% sequence identity have now
been identified [8-12]. Ther is a soluble cyclase present in
the s2a hare Aplvsia, the membrane-bound lymphocyte antigen
CD38, and another antigen BST-1. Maommalian CD38 is a
multiple function cell surface molecule possessing both cyclass
activity that comverts MAD* o cADFR. and hydrolase activity
that comverts cADFR o ADPR. At pH 4.5, CD38 also converls
NADF* to nicotinic acid adenine dinucleotide phosphate

* Corresponding author, Tel.: +1 310 B25 B429; fax: +1 310 £25 8479,
E-mail addmes s cackheri@uclasdu (CD, Eckbert),

002195755 — sze front matter @ 2004 Elsevier B.V. All righis raserved.
doi: 10,100 6. broma, 200602 066

(MAADP), another second messenger that also triggers Ca™
release from intracellular stores. However, these slores am
different from those affected by c ADPR [13].

The soluble Aphwsia cyclase has been recombinantly pro-
duced in yeast and crystallized [ 14]. This enzy me only catalyzes
the synthesis of ¢ ADPR. Les [8] has proposed a catalytic model
for the CDA8 type bosed on an active site that consists of a
highly conserved sequence containing 10 cysteine residues and
three other critical residues: glutamate 179, which is the cat-
alytic residue and lies in the catalytic pocket, and two try ptophan
residugs. The model proposes that the two Iryptophan esidues
hind and fold the linear NAD* maoleaile, while glutamate attack
releases the nicotinamide moiety. The adenine ring then reacts
with the erminal ribose to form cADPR [8]. According to this
medel, disnmption of MAD™ folding in the active site may slow
the catalytic activity of the enzyme. The CD3E type has about
25% sequence identity with the Aplvsfa type. Boron as boric
acid and borate hinds to MAD® [15] and therefore may affect
the activity of ADP-ribosyl cyclase.

Bonic acid has affinity for diol-containing compounds such
as carbohydmtes, where its strong complexation is now being

CHROMA-34E13% Mo of Pages 7
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Absimct

Ohjecrive To determine: (1) the correlation of pros-
tate cancer incidence and mortality with groundwater
boron and selenium concentrations; and (2) the impact
of boron on prostate cancer cell proliferation during
co-treatment  with  alternative  chemo-preventative
agents, along with boron pre-treatment effects on cell
sensitivity to ionizing radiation.

Megads  For regression analysi, data on prostate
cancer incidence and mortality were obtained from the
Texas Cancer Registry, while groundwater boron and
selenium concentrations were derived from the Texas
Water Development Board. Cultured DU- 145 prostate
cancer celk were wsed to assess the impact of boric acid
an cell praliferation when applied in combination with
selenomethionine and genistein, or preceding radiation
cxpore.

Results  Groundwater boron level correlated with a
decrease in prostate cancer incidence (R =.6) and
mortality (R = (6] in state planning regions, whereas
selenium did not (R = 0.1; B = 0.2). Growth inhibition
was greater during combined treatments of boric acid
amd selenomethionine, or boric acid and genistein, ver-
sus singular treatments. S-day boric acid pre-cxposure

W. T. Barranco - . . Eckhent {[=1)

Department of Environmental Health Sciences, Universty
of Califormia, Los Angeles, CA 900951772, TISA

e-mail: ceckhert@udaedu

P. F. Hudalk

Department of Geography and Emdronmental Scence
Program, Umvemsity of North Texss, Post Office Box
305279, Denten, TX TEHIE-5279, 1I5A

emadl: hudak@unt edu

cnhanced the toxicity of ionizing mdiation treatme nt,
while dose-dependently decreasing the expresson of
anti-apoptotic protein Bel-2.

Conclusions  Increased groundwater boron concen-
trations, across the state of Texas, correlate with reduced
risk of prestate cancer incidence and maortality. Also,
boric acid improves the anti-proliferative effectivencss
of chemo-preventative agents, selenomethionine and
penistein, while enhancing ionizing radiation cell kill.

Keywords Boron - Sclenium - Prostate cancer -
Texas - Groundwater - lonizing radiation - Bel-2 -
Genistein - Ecological

Introduction

The development of public health strategics, for the
prevention and control of prostate cancer, has been
hindered by a gap in our understanding of factors
responsible for the large geographical disparity in dis-
case risk. It i cstimated that there were 232050 new
115, cases in 2005, along with sgnificant regional var-
iahility in incidence and martality [1].

Environmental exposure, by way of dictary intake, is
receiving much attention as a contributor to prostate
cancer prevention [2). Seveml natuml, plant-derived
products are cumently in clinical prevention trials,
inchiding: (r-3) polyvunsaturated fatty acids, flaxseed,
vitamin E, selenomethionine (ScM), soy protein iso-
late, isoflavomes, genistein, lycopene and low-fat diets
[3-5). The lamest prostate cancer clinical tral, SE-
LECT, will determine the effectivencss of SchM and
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